INTRODUCTION
The bone is a dynamic organ under continuous remodeling by osteoclasts that participate in bone resorption and osteoblasts that deposit new bone. This is a precisely balanced and coordinated process which is essential in the maintenance of bone homoeostasis. An imbalance in this process causes a difference in the bone turnover rate where the resorption surpasses the deposition. This leads to generalized skeletal fragility and an increase in the fracture risk incurred by the individual. It is a progressive condition called osteoporosis characterized by low bone mineral density (BMD). Osteoporosis has a complex etiology, and an individual's risk of incurring a fracture is known to be associated with their genetic constitution and the environmental factors they are subjected to [1, 2] . The development of osteoporosis has been associated with decreasing levels of estrogen in postmenopausal women and the compensatory increase in follicle-stimulating hormone that leads to increased osteoclastogenesis [3] . Besides low estrogen level, decreased level of antioxidants also plays a pivotal role in the incidence of osteoporosis in aging individuals [4] . This leads to elevated levels of reactive oxygen species (ROS) being generated, particularly in osteoclasts, which then undergo differentiation and activation, leading to bone resorption [5, 6] . Oxidative stress (OS), an imbalance in the production of free radicals and the antioxidant defense of the cell, increases osteoclastogenesis [7] . Epidemiological studies have observed that there is an association between lower OS and higher BMD [8] , and clinical studies have shown that dietary and/or supplemental ascorbate is associated with increased bone mass [9] . One of the key enzymes in the oxidative stress metabolism pathway is manganese superoxide dismutase (MnSOD) encoded by the SOD2 gene. MnSOD is a mitochondrial enzyme which converts superoxide to hydrogen peroxide. This is further removed by conversion to water and molecular oxygen by other antioxidant enzymes: catalase and glutathione peroxidase [10] . MnSOD is constitutively expressed in many cell types, including peripheral blood mononuclear cells (PBMCs) [11] . Mutations in the SOD2 gene have been linked to mitochondrial DNA damage leading to aging in fruit flies [12] . SOD2 knockout in mice is neonatal lethal [13] whereas heterozygous knockout mice exhibit 50% decreased SOD2 activity and increased oxidative stress and mitochondrial dysfunction [14] . In humans, polymorphisms in the SOD2 gene such as variant T of SNP rs4880 have been associated with cardiomyopathy in Japanese individuals [15] , and other diseases, whereas variant C of the same SNP has been linked to hypertension [16] among other diseases. A study on European postmenopausal women showed no association of SNP rs4880 of the SOD2 gene to lumbar and femoral bone mineral density (BMD) [17] . Although polymorphisms in this gene have been linked to many diseases in Caucasians, their association with osteoporosis has not been explored in the Asian Indian population. The aim of this study is to assess the association of the SOD2 gene polymorphisms with osteoporosis in Asian Indian individuals.
MATERIALS AND METHODS

Sample collection
The study was undertaken after being approved by the Institutional Ethics Committee. All procedures followed were in accordance with the ethics guidelines of the Indian Council of Medical Research (ICMR). A priori power analysis was carried out using G*Power 3.1.9.2 software, for one-tailed t-test with α-error set at 0.05 (statistical power of 95%), to detect medium effect size (ρ = 0.50). The total sample size (N) was computed to be 176 with the allocation ratio N2/N1. Bone density camps were arranged at different locations in Pune, Maharashtra to assess bone mineral density of individuals. All participants were informed about the study and written consent was obtained. Exclusion criteria followed while recruiting individuals for the study were the presence of any major diseases and oxidative stress-related diseases such as cardiovascular diseases, diabetes mellitus, hyper/hypotension, and bone-related diseases [20] . The questionnaire also included a section on physical activity and use of medications. Personal and family medical histories were collected with relevant clinical details such as age, sex, height, weight, body mass index (BMI), food habits (dietary intake of calcium) and lifestyle factors (smoking, alcohol intake) [20] . Smokers and alcoholic individuals were excluded from the study to evaluate the effect of oxidative stress purely due to osteoporosis in study groups. Peripheral blood (8-10 ml) was collected in vacutainers containing EDTA or sodium heparin sulfate as an anticoagulant (N = 180).
Dual X-ray absorptiometry
Bone density was measured by means of a portable dual X-ray absorptiometry (DXA). Peripheral-calcaneus BMD was assessed. This method has 90% sensitivity and specificity for osteoporosis as the gold standard measurement using DXA at the spine or proximal femur [18, 19] . Based on the BMD, unrelated individuals were classified as normal (n = 82) with T-score > -1.1 standard deviations, or osteoporotic (n = 98) with a T-score < -2.5 standard deviations.
Biochemical estimations
Plasma was extracted from blood containing EDTA or sodium heparin sulfate by centrifugation. Samples were stored at -80C until assays were performed. Vitamin D (25-OH-D) was assessed from plasma samples of normal and osteoporotic individuals by the electrochemiluminescence immunoassay (ECLIA) method using a COBAS e411 instrument from Roche Diagnostics, Germany at Genesys Laboratories, Pune, India. The circulating oxidant level was assessed by determining the total oxidant status (TOS) in plasma samples collected in heparin sulfate. In brief, TOS was estimated using Erel's assay, which is a colorimetric method based on the oxidation of ferrous ion to ferric ion in the presence of various oxidative species in an acidic medium followed by measurement of the ferric ion with xylenol orange (Sigma Aldrich) [21] . The assay was calibrated by hydrogen peroxide (Merck Millipore, India) and the results were expressed as μmol H 2 O 2 /l. Estimation of superoxide dismutase enzyme levels in the plasma of normal and osteoporotic individuals was carried out by the tetrazolium salt method using the Superoxide Dismutase Activity Colorimetric Assay Kit (Cayman Chemicals, USA) as per the manufacturer's instructions.
RNA extraction and semi-quantitative PCR
Peripheral blood mononuclear cells (PBMCs) were isolated from 8-10 ml of venous blood using Histopaque (Sigma Aldrich) by density gradient centrifugation and were frozen in Trizol (Invitrogen) within 3 hours of phlebotomy. Total RNA was isolated from the PBMCs of normal and osteoporotic individuals according to the method of Chomczynski and Sacchi (1987) [23] . Total RNA (1 μg) was converted to cDNA with a Verso cDNA Synthesis Kit (Thermo Scientific, USA). To obtain semiquantitative results, 1 μl of cDNA was PCR amplified in a total reaction volume of 25 μl using Taq Mastermix (NEB, USA) and 0.7 μM each of forward and reverse primers. Primers designed for the SOD2 gene were: forward (5′-TTTCAATAAGGAACGGGGACAC-3′) and reverse (5′-GTGCTCCCACACATCAATCC-3′). Initial denaturation was performed at 95°C for 5 min. Thirty-five cycles of amplification were performed at 95°C for 30 s, 56°C for 30 s, and 72°C for 30 s. A final extension at 72°C was carried out for 5 min. The primers for the endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are as follows: forward (5′-TGGG GAAGGTGAAGGTCGGA-3′) and reverse (5′-GGGATCTCGCTGCTGGA AGA-3′). Initial denaturation was performed at 95°C for 5 min. Thirty-five cycles of amplification were performed at 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. A final extension at 72°C was carried out for 5 min. All PCR products were analyzed by agarose gel electrophoresis, visualized by staining with ethidium bromide, and the gel bands were analyzed with ImageJ software (http://imagej.nih.gov/ij) [24] .
DNA extraction and PCR sequencing
Genomic DNA was extracted from venous blood by phenol-chloroform extraction and the ethanol precipitation method. PCR sequencing was carried out for a region of 563 bps including thirteen SNPs ( Table 2 ). The primers were designed using the Primer3 (version 0.4.0) [22] online program for a specific region of the SOD2 gene. The sequences of primers were: forward (5′-ACTC GTGGCTGTGGTGGCTTCGGCA-3′) and reverse (5′-GGTACTTCTCCT CGGTGACGTTCA-3′). The amplicon obtained was 563 bp in length. The total reaction volume of 25 μl contained 25-30 ng of genomic DNA, 0.8 μM of forward and reverse primers each, 200 μM dNTP mix, 2 U of Taq polymerase and 1.5 mM MgCl 2 (NEB, USA). Dimethyl sulfoxide was used as a PCR additive to a final concentration of 3%. The thermal cycling conditions were set as: initial denaturation at 95°C for 5 minutes, 40 cycles of denaturation 95°C for 30 s, annealing at 63°C for 30 s, extension at 72°C for 30 s and final extension at 72°C for 5 minutes. PCR products were purified by polyethylene glycol and sodium chloride before being sequenced. DNA sequence reactions were done using BigDye Terminator v3.1 chemistry (Applied Biosystems, USA) and an ABI3700 capillary sequencer (Applied Biosystems, USA) according to the manufacturer's protocols.
Software and statistical analysis
The quality of chromatograms and trace score of sequences was checked using ABI SeqScanner (ver. 2.0) software. Multiple sequence alignment (MSA) was carried out using the ClustalW algorithm, which is part of the BioEdit (package ver. 7.0) [25] . Allele frequencies were calculated and Hardy-Weinberg equilibrium was studied. A chi-square test was performed to determine whether the allele frequencies of SNPs conformed to Hardy-Weinberg equilibrium (HWE). Linkage disequilibrium (LD) analysis was carried out between the polymorphic SNPs to determine the disequilibrium coefficient (D′) and correlation coefficient (r). The pair of SNPs was considered to be in high LD if D′ > 0.8 (D' varies between 0 and 1) and r 2 > 0.5 (varies between 0 and 1). Unpaired t-test was carried out to test association of polymorphic SNPs with disease status. A multinomial logistic regression test was performed for odds ratio (OR) calculation between the variables. The number of data points and predictor variables were set at 2 and 1 respectively. This non-linear regression test can have a p-value between 0 and 1.
RESULTS AND DISCUSSION
In the present study, normal and osteoporotic males and females of Asian Indian origin were recruited for polymorphism studies in the SOD2 gene region. A previous study by Mlakar et al. showed that point mutations in the intronic region of an antioxidant gene, the glutathione S-reductase gene (GSR; mutation GSR int3[A>G]) are associated with low BMD and SOD2 is differentially expressed in the circulating monocytes of premenopausal women with discordant bone mineral density (BMD) [17] . Thirteen SNPs were reported in the 5′ UTR (untranslated region) and partial coding sequence of the SOD2 gene. Both groups -normal (n = 82) and osteoporosis (n = 98) -had age-matched (45-75 years) males and females to verify the role of oxidative stress in the manifestation of osteoporosis. The overall male-to-female ratio was recorded separately for the study groups as 1:2.4 in the normal and 1:2 in the osteoporosis group.
Anthropometric and biochemical parameters analysis
BMI is known to be associated with BMD at different body sites [26] . In this study, the BMI between normal and osteoporotic individuals (N = 180) showed no significant difference (Table 1) . Meta-analysis studies have shown that low weight and low BMI are related to an increased fracture risk. In individuals with a BMI of 20 kg/m 2 there is a two-fold higher risk of fracture than individuals with higher BMI. Lower BMI in elderly women aged over 65 years has been correlated with an increased risk of hip fractures [26] . In the normal group, the number of vegetarians and non-vegetarians was equal, while in the osteoporosis group the vegetarians-to-non-vegetarians ratio was found to be 1:1.4. Oxidative stress is known to increase the levels of intracellular ROS, decreasing bone formation and inducing osteoclastogenesis [7, 27] . Oxidant molecules are produced endogenously through metabolic and physiological processes as well as due to interactions with the environment. Total peroxides and oxidative metabolites in serum and plasma samples will have additive effects and are therefore measured by total oxidant status (TOS) assay. The plasma samples obtained were assessed for TOS by Erel's method [21] . It was found that total oxidant levels were significantly higher among osteoporotic individuals compared to normal ones (Table 1 ). This indicates that oxidants promote osteoclast differentiation and bone resorption over osteoblast formation in osteoporosis. We report here a significant difference in the TOS of age-matched normal and osteoporotic Asian Indians as also observed in other populations [28] . Furthermore, analysis for circulating vitamin D (25-hydroxy vitamin D) in the plasma samples of normal and osteoporosis groups showed a significant difference in the levels of vitamin D (Table 1) . It was found to be largely insufficient in osteoporotic individuals, whereas it was borderline optimal among normal subjects. The Asian Indian population is noted to have lower levels of circulating vitamin D than Caucasian populations of Europe despite the adequate daylight hours and melanin pigmentation [29, 30] . Many have attributed this to inadequate exposure to sunlight and a deficient calcium diet, although studies in genetic epidemiology are currently ongoing [31] . SOD2 is transcriptionally and translationally regulated so the levels of the circulating enzyme and SOD2 mRNA are estimated [32, 33] . The plasma samples obtained from the blood of normal and osteoporotic individuals were also evaluated for SOD2 enzyme levels. However, it was observed that the SOD2 enzyme was not significantly different between the two groups ( Table 1) . To further confirm this, semi-quantitative analysis was carried out. Semi-quantitative PCR analysis of SOD2 mRNA level Semiquantitative PCR for the SOD2 gene was carried out in triplicate using GAPDH as an endogenous control. Our results indicate no significant difference between the transcript levels of SOD2 in normal and osteoporosis samples obtained from PBMCs (Fig. 1) . Despite the high TOS in osteoporotic individuals, SOD2 enzyme and transcript levels show no significant difference. Further SNPs were investigated in the SOD2 gene by sequence analysis between the two groups as variations in the coding region may not necessarily affect the protein's activity but may affect its subcellular localization [34] . 
Allele frequency distribution in the 5′ UTR and coding region of the SOD2 gene
The Asian Indian population has not previously been studied for SNP variation in the SOD2 gene. PCR sequencing of the 5′ UTR and coding region of SOD2 was carried out to include exon 1, intron 1 and exon 2 regions. In this region, 13 SNPs have been reported in the dbSNP and HapMap databases ( Table 2 ). In Asian Indians (from Pune, Maharashtra), direct sequencing did not reveal any previously unknown SNPs. In the sampled population, sequence and chromatogram analysis of the DNA from peripheral leukocytes showed eleven monomorphic SNPs and two polymorphic SNPs (rs5746094 and rs4880) which were further analyzed (Fig. 2) . SNPs rs5746094 and rs4880 are separated by 296 bp and linkage disequilibrium for the two polymorphic loci is 0.08 (Lewontin's D′, D′ > 0; r 2 = 0.357), suggesting that the allele of one locus does not influence the allele distribution pattern of the other locus. Hardy-Weinberg equilibrium (HWE) was calculated and the χ 2 test was performed with 1 degree of freedom. The study groups conformed to HWE (Table 3) . The genotype and allele frequency distribution across these two SNPs (Table 3) indicates that allele G of rs5746094 is significantly higher in osteoporotic individuals than in normal ones. McNemar's 2x2 contingency test using a multiplicative genetic model based on alleles was used for odds ratio estimation [36] , which showed SOD2-associated osteoporosis risk for the G allele [OR = 0.23; 95% confidence interval (CI) (Tables 1 and 3 ). The odds ratio obtained (Table 4) suggests a possible synergistic role of TOS and allele C of rs4880 in the occurrence of osteoporosis. However, this needs to be further confirmed. 
SNP variation analysis for disease susceptibility in osteoporosis
Rs4880 is present in the second exon of SOD2 and is known to play an important role in SOD2 protein structure alteration and function and therefore in disease occurrence. It has been previously reported to be associated with cardiomyopathy [15] , hypertension [16] , prostate and other cancers [34] . The transition variation of this SNP affects the 16 th amino acid of MnSOD which replaces alanine (GCT) with a valine (GTT) (A16V) in the coding sequence, causing a nonsynonymous mutation. Differential subcellular localization of SOD2 due to rs4880 had been experimentally demonstrated by ShimodaMatsubayashi and colleagues (1996) [37] . This variation is present in the mitochondrial targeting sequence, and the presence of valine impairs the import of translated mRNA into the mitochondrial matrix [35] .
CONCLUSION
Thus, the present cross-sectional study examines SNPs of the SOD2 gene among normal and osteoporotic individuals. Out of the total 13 reported SNPs in the selected region of the gene, only two SNPs (rs5746094 and rs4880) were found to be polymorphic. Association analyses were performed on variant C of rs4880. This allele was found to be significantly higher in the osteoporotic individuals along with TOS. Odds ratio estimation suggests association of TOS and allele C with osteoporosis. Our findings support the hypothesis that oxidative stress contributes to occurrence of osteoporosis, a complex life style disease. Although this study is cross-sectional and the samples are representative of the Asian Indian population, a larger sample size is required to increase the statistical power of the present association analysis.
